It has been reported that disaccharides of the glycosaminoglycans (GAGs), heparin, or heparan sulfate suppress the production of cytokines. Therefore, we examined the effects of GAGs (keratan sulfate, hyaluronan, chondroitin, chondroitin sulfate, and heparin sulfate) disaccharides on production of interleukin (IL)-12, a pivotal cytokine in the Th-1 type immune system. Among the GAG disaccharides, only a keratan sulfate disaccharide, Gal(6-SO 3 )-GlcNAc(6-SO 3 ) (L4), suppressed IL-12 production in macrophages stimulated with lipopolysaccharides and interferon-␥. Neither keratan sulfate chains nor keratan sulfate tetrasaccharides elicited any change in the IL-12 production. N-Acetyl-lactosamine, Gal-GlcNAc (LacNAc), also did not change IL-12 production. These results indicated that a certain size, i.e. disaccharide and sulfate, are essential to suppress IL-12 production. L4 was then applied to MRL-lpr/lpr mice, a Th-1 type autoimmune disease model. The treatment of MRL-lpr/lpr mice with L4 1) decreased in serum IL-12, 2) induced apoptosis in T cells in lymph nodes thereby suppressing lymphoaccumulation, and 3) suppressed hypergammaglobulinemia and glomerulonephritis. We showed previously that IL-12 suppresses cell death of T cells, thereby enhancing the lymphoaccumulation in MRL-lpr/lpr mice. Moreover, it has been reported that IL-12 deficiency in MRL-lpr/lpr mice diminishes lymphoaccumulation and delays glomerulonephritis.
KS is a sulfated glycosaminoglycan (GAG) side chain of proteoglycans and is composed of repeating units of galactose and N-acetyl-D-glucosamine (1) (2) (3) . It has been reported that KS proteoglycans are important for transparency of corneal tissue (4 -6) . However, the functional properties of KS in cartilage are still unknown.
It has been reported that disaccharides of heparin or heparan sulfate suppress tumor necrosis factor ␣ production in macrophages and IL-8 and IL-1␤ secretion by intestinal epithelial cells (7, 8) . These events suggest that GAG oligosaccharides have effects on cytokine expression. Moreover, it has been shown that high molecular weight hyaluronan (HA) inhibits NF-B activation (9) , whereas low molecular weight HA induces NF-B activation (10) . This suggests that the cell biological activities of GAGs are dictated in part by their molecular size.
MRL-lpr/lpr mice, which develop lymphoaccumulation (lymphoadenopathy), hypergammaglobulinemia, serum autoantibodies, and a generalized autoimmune disease, including glomerulonephritis and arthritis, have been used as a model for the study of systemic lupus erythematosus (11) . This lymphoaccumulation disorder, i.e. a considerable increase in double negative (CD4 Ϫ CD8 Ϫ ) T cells in lpr mice, is explained by defects in Fas, which mediates apoptosis (12, 13) .
IL-12 is induced in macrophages, dendritic cells, and other cell types by bacterial infections. IL-12p70 is a heterodimeric cytokine composed of two subunits, p35 and p40, and acts to promote NK cells, NKT cells, and CD8 ϩ T cell activity (14) . IL-12p70 enhances cytolytic lymphocyte activity and induces production of interferon-␥ (IFN-␥) (15) . IL-12p40 monomer and IL-12p40 homodimer are antagonists of IL-12p70 (16 -18) . IL12p40 homodimer, however, stimulates CD8 ϩ Th1 development and acts as a chemotactic molecule to activate macrophages, CD4
ϩ T cells, CD8 ϩ T cells, and NK cells (19) . It has been shown that the precursors of double negative T cells are CD8 ϩ T cells in MRL-lpr/lpr mice (20) . Double negative T cells as well as CD8 ϩ T cells can produce IFN-␥ (21), which stimulates IL-12 production in macrophages and dendritic cells. In our previous study, we showed that in MRL-lpr/lpr mice, plasma IL-12p40 concentrations as well as lymph node weights increase with age, and IL-12 enhances lymphoaccumulation by suppressing cell death of T cells (22) .
We present here that KS disaccharide (L4) treatment suppresses the following: 1) IL-12 production in macrophages followed by induction of apoptosis in the lymph nodes of the MRL-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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lpr/lpr mice, and 2) Th-1 type autoimmune disease, including IL-12 production, lymphoaccumulation, hypergammaglobulinemia, and glomerulonephritis in the MRL-lpr/lpr mice.
EXPERIMENTAL PROCEDURES

Materials-KS, N-acetyl-lactosamine (LacNAc)
, and unsaturated disaccharides of hyaluronan (⌬diHA), chondroitin (⌬diC-0S), chondroitin 6-sulfate (⌬diC-6S), chondroitin 4-sulfate (⌬diC-4S), and of heparan sulfate/heparin (HS 2 : mixture of ⌬diHS-0S, ⌬diHS-NS, ⌬diHS-6S, ⌬diHS-di(6,N)S, ⌬diHS-di(U,N)S, ⌬diHS-tri(U,6,N)S) were obtained from Seikagaku Corp. (Tokyo, Japan). Other reagents and chemicals were obtained from commercial sources as indicated.
Preparation of KS Oligosaccharides-KS oligosaccharides, Gal(6-SO 3 )-GlcNAc(6-SO 3 ) (L4), Gal(6-SO3)-GlcNAc(6-SO 3 )-Gal(6-SO 3 )-GlcNAc(6-SO 3 ) (L4L4), and NeuAc-Gal-GlcNAc(6-SO 3 )-Gal(6-SO 3 )-GlcNAc(6-SO 3 ) (SL2L4) were isolated from the keratanase II digest of shark fin KS (Seikagaku Corp.) by sequential steps of anion-exchange and gel-permeation chromatographies. Each oligosaccharide was identified by capillary electrophoresis (Fig. 1) and by mass spectrometry (23) .
Capillary electrophoresis was done on a Quanta 4000 capillary electrophoresis system equipped with an ultraviolet detector (Waters). The capillary electrophoresis system was operated in normal polarity by applying the sample at the anode. Running buffer was 50 mM sodium tetraborate (pH 9.0). Each sample was separated and analyzed using a fused silica (externally coated except where the tube passed through the detector) capillary tube (75 m inner diameter, 60 cm long) from Waters. Before introduction of the sample, the capillary tube was manually rinsed with 0.5 M sodium hydroxide, distilled water, and running buffer. Samples were loaded by hydrostatic pressure using a 10-s injection period. Each experiment was conducted at constant voltage (12 kV). The eluent was monitored at 185 nm. The analyses of data were done using the software Millenium 32 (version 3.06.01) from Waters.
All saccharides were checked for endotoxin by Limulus amebocyte lysate assays using a Toxicolor LS Set (Seikagaku Corp.). Both L4 and L4L4 contain 0.03 pg/mg or less of endotoxin. The concentration of endotoxin was below 0.6 pg/ml in each working solution (1 g/ml) of LacNAc, ⌬diHA, ⌬diC-0S, ⌬diC-6S, ⌬diC-4S, and HS 2 in the studies in vitro. SL2L4 could not be used for the studies in vitro or in vivo, because the amount of SL2L4 that we obtained was very small.
Mice-Four-week-old female MRL-lpr/lpr and C57/BL-6 mice were purchased from Charles River Breeding Laboratories (Yokohama, Japan) and maintained in our animal facility. All animal protocols were approved by the Animal Experiment Committee in Central Research Laboratories of Seikagaku Corp.
In Vitro Study-Peritoneal macrophages were obtained from C57BL/6 or MRL-lpr/lpr mice after injection of thioglycolate. The macrophages were treated with L4, L4L4, KS, other GAG disaccharides, as well as a PKC inhibitor (bisindolylmaleimide; Calbiochem) in the presence or absence of lipopolysaccharide (LPS, 100 ng/ml) and IFN-␥ (1 unit/ml). Interleukin-10 (IL-10; 10 ng/ml; Genzyme, Cambridge, MA) was used as a positive control to suppress IL-12 production (24). IL-12p70 and IL-12p40 in the culture media were detected by ELISA.
Immunohistochemistry showed that L4 treatment suppresses pPKC and PI3K expression in macrophages of lymph nodes of MRL-lpr/lpr mice. It is very difficult to get sufficient numbers of peritoneal macrophages from mice for Western blotting. Therefore, we used J774.1 cells, mouse macrophage cell line, for the detection of pPKC and PI3K by Western blotting. The J774.1 macrophages were treated with L4 in the presence of LPS and IFN-␥ as described above. The concentration of IL-12 was measured in culture media of the J774.1 macrophages 24 h after treatment with L4. Phospho-PKC and PI3K expressions were examined 30 min and 1 h after the L4 treatment by Western blotting using anti-pPKC and anti-PI3K antisera (Upstate Biotechnology, Inc.)
To detect cell death in the L4-treated macrophages from C57BL/6 mice, the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end labeling (TUNEL) reaction was applied to the macrophages according to the method of Gavrieli et al. (25) . Moreover to examine viability of the L4-treated macrophages from C57BL/6 mice, MTT assays were done in the macrophages. In these experiments, 10 g/ml of camptothecin (Calbiochem) was used as a positive control. The mean Ϯ S.E. was calculated from triplicate values. Each experiment was repeated at least three times with consistent results.
In Vivo Study-Female MRL-lpr/lpr mice were randomly divided into three groups as follows: 1) phosphate-buffered saline (PBS)-treated group, 2) dexamethasone (0.1 mg/kg/week)-treated group, and 3) L4 (5 mg/kg/day)-treated group.
Mice of the L4 and PBS groups were injected intramuscularly 5 times a week for 4 weeks from age 20 to 24 weeks. Mice of the dexamethasone group were injected intramuscularly in the legs once a week during the same period. One day after the last administration, all animals were sacrificed by exsanguination under general anesthesia. To elucidate the effects of L4 on apoptosis of T cells as well as on serum IL-12 concentrations, the following parameters were analyzed: serum IL-12 concentration (ELISA), serum creatinine concentration (Autoanalyzer, Roche Applied Science), serum IgG and IgM concentrations (ELISA), weights of mesenteric, inguinal, and axillary lymph nodes, incidence of apoptotic cells in mesenteric lymph nodes (in situ nick-end labeling), hematoxylin and eosin staining in mesenteric lymph node tissues to detect chromatin condensation, and electron microscopy of mesenteric lymph node tissues to observe apoptotic morphological changes. The effect of oral administration of L4 (80 mg/kg) for 9 weeks was also examined by the same methods.
ELISA-We used an OptEIA Mouse IL-12 (p40) set (Pharmingen) and Endogen mouse interleukin-12 (p70) ELISA (Endogen, MA) for the detection of IL-12p40 monomer and homodimer and of IL-12p70, respectively. For the detection of IgG and IgM, anti-mouse IgG and anti-mouse IgM antibodies (The Jackson Laboratory) were used.
Histopathological Examination-MRL-lpr/lpr mice were sacrificed 24 h after the last administration of L4. Mesenteric lymph nodes were fixed with 4% paraformaldehyde and embedded in paraffin. Paraffin sections were prepared and stained with hematoxylin and eosin. Morphological changes in the lymphocytes were evaluated as brightness per unit area (820 ϫ 550 m 2 ) in the hematoxylin and eosin-stained tissues using an image analyzer (Pias, Osaka, Japan).
FIG. 1. Analysis by capillary electrophoresis.
The following samples were analyzed: a, standard oligosaccharides; b, a sample that was recovered from the keratanase II-digest solution of KS by ethanol fractionation; and c, purified L4.
FIG. 2. Effect of GAGs on IL-12 production in macrophages in vitro.
Macrophages derived from C57BL/6 mice were treated with L4, L4L4, KPS, ⌬diHA, ⌬diC-0S, ⌬diC-4S, ⌬diC-6S, and HS 2 simultaneously with stimulation by LPS plus IFN-␥. IL-10 was used as a positive control to suppress IL-12p70 production. The IL-12p70 level released from macrophages cultured in the absence of GAGs but in the presence of LPS plus IFN-␥ was taken to be 100% to compare with the effects of the other reagents on IL-12p70 production. *, p Ͻ 0.05 (versus 0 ng/ml); #, not detected.
To detect DNA fragmentation, the TUNEL reaction was applied to the paraffin sections according to the method of Gavrieli et al. (25) . The sections were then treated with peroxidase-conjugated streptavidin solution followed by 0.3% H 2 O 2 . The numerical density of TUNELpositive cells was determined in areas excluding blood vessels. Data were expressed as number per area (820 ϫ 550 m 2 ). Electron Microscopy-Mesenteric lymph node tissues were fixed with 2% paraformaldehyde, 2% glutaraldehyde and postfixed with OsO 4 . They were dehydrated with graded concentrations of ethanol and embedded in Epon 812. Thin sections were cut with an ultramicrotome (Ultracut N, Reichert-Nissei, Tokyo, Japan) and observed with an Hitachi H-7000 electron microscope (Tokyo, Japan) after staining with uranyl acetate and lead citrate.
Immunohistochemistry-Mesenteric lymph node tissues were embedded in OTC compound and cut into frozen sections. The frozen sections were fixed with 10% formaldehyde. After blocking with 10% donkey serum, sections were incubated with either rabbit anti-PI3K, anti-pPKC (Upstate Biotechnology, Inc.), anti-p38, anti-pERK, or anti- Statistical Analysis-Statistical significance was determined by Williams multiple comparison test or Student's t test.
RESULTS
Effect of GAGs on Macrophage IL-12 Production in Vitro-
Treatment with L4 suppressed IL-12p70 production in macrophages from C57BL/6 mice (Fig. 2) . Although treatment with IL-10 completely suppressed IL-12 production, GAGs other than L4 had little effect (Fig. 2) .
When L4 and LPS plus IFN-␥ were simultaneously added to peritoneal macrophages from both MRL-lpr/lpr (Fig. 3b) and control C57BL/6 mice (Fig. 3a) , IL-12p70 production was reduced. L4 treatment also suppressed IL-12p40 monomer and homodimer production in the peritoneal macrophages (data not shown).
When peritoneal macrophages derived from MRL-lpr/lpr mice were treated with L4 prior to treatment with LPS-IFN-␥, the production of IL-12p70 was more strongly suppressed (Fig.  3c) . Treatment of C57BL/6 mice macrophages with LacNAc did not change IL-12p70 production in the presence of LPS and IFN-␥ (Fig. 3d) . Treatment of J774.1 macrophages with L4 suppressed IL-12p40 production in the presence of LPS plus IFN-␥ (Fig. 3e) . IL-12p70 was not produced in the J774.1 macrophages by the treatment with LPS plus IFN-␥ (data not shown).
The L4 treatment suppressed pPKC expression in macrophages in vivo as well as in vitro as described below. Therefore, we confirmed that treatment with bisindolylmaleimide, a PKC inhibitor, suppressed IL-12p70 production in macrophages from C57BL/6 mice in the presence of LPS plus IFN-␥ (data not shown).
Effect of L4 on Macrophage Viability in Vitro-MTT and TUNEL assays showed that the treatment with L4 did not elicit any change in viability and cell death of the macrophages of C57BL6 mice (Fig. 4) .
Effects of L4 on MRL-lpr/lpr Mice-Intramuscular injection of L4 suppressed the increase in serum contents of IL-12p40 monomer and homodimer in MRL-lpr/lpr mice to the same or greater extent as dexamethasone (Fig. 5a ). IL-12p70 was not detected in the serum of any MRL-lpr/lpr mice (data not shown). Treatment with L4 also suppressed the increase in weight of mesenteric (Fig. 5b) , submandibular, inguinal and axillary lymph nodes, and spleen (data not shown). Oral administration of L4 also decreased serum IL-12p40 levels ( Fig.  5a ) and suppressed the enlargement of lymph nodes (Figs. 5b and 6) and spleen (Fig. 6) .
The incidence of apoptotic cells demonstrated by TUNEL was higher in the lymph nodes of L4-treated MRL-lpr/lpr mice than in lymph nodes of PBS-treated MRL-lpr/lpr mice (Fig. 7,  a-c) . Moreover, treatment with L4 reduced the brightness of hematoxylin and eosin staining of lymph node tissues (Fig. 8,  a-d) . Chromatin condensation and reduction of cytoplasm were observed in many lymphocytes in the lymph nodes in L4-treated groups (Fig. 8, d and f) . Electron microscopy showed that discrete clumps of condensed chromatin were abutted against the nuclear membrane, and more clumps were present in the lymphocytes in the lymph nodes of L4-treated mice (Fig.  8f) . In dexamethasone-treated mice, such ultrastructural features were not observed, but lymphocytes that showed characteristic chromatin condensation of apoptosis were scattered in the lymph node tissues (data not shown). The L4 treatment suppressed increases in serum creatinine, IgG, and IgM (Fig. 9) .
Effect of L4 on Expression of PI3K, PKC, and MAPKs (pp38, pERK, and pJNK) in Macrophages in Vivo-The numbers of macrophages (CD14
ϩ ) expressing pPKC and PI3K in mesenteric lymph node tissues of MRL-lpr/lpr mice were decreased by treatment with L4 (Fig. 10) . On the other hand, treatment with L4 did not elicit any changes in the number of pMAPKs positive macrophages (Fig. 10) .
Effect of L4 on Expression of pPKC and PI3K in J774 Macrophages-Western blotting showed that the treatment with L4 did not elicit any change in PI3K expression but did suppress pPKC expression in J774.1 macrophages 30 min and 1 h after treatment with L4 in the presence of LPS and IFN-␥ (Fig. 11) . 
DISCUSSION
Our data indicate that the disaccharide, L4, but interestingly, not the tetrasaccharide, L4L4, or the parent KS suppressed IL-12 production by macrophages. Moreover, other GAG disaccharides also did not suppress IL-12 production. The observation that LacNAc did not elicit any change of IL-12 production suggests that the sulfates in L4 are required to suppress IL-12 production. Thus, the effect of L4 is specific and implies the presence of a receptor with high specificity. A mannose receptor has been identified (26, 27) . This receptor in murine macrophages is implicated in inflammation and immunity (27) , and it recognizes a sulfated carbohydrate, chondroitin sulfates A and B, and sulfated oligosaccharides (28, 29) . Whereas these ligands for the mannose receptor are similar to L4, they are not recognized by the putative L4 receptor. Furthermore, Kaposzta et al. (30) showed that the mannose receptor is not specifically implicated in rapid recruitment of late endosomes and lysosomes in mouse macrophages ingesting Candida albicans. We will investigate the putative receptor for L4 in the near future.
Since L4 treatment suppressed not only IL-12p70 but also IL-12p40 in cultured macrophages, the suppression of IL12p70 production in vitro may be due at least in part to the suppression of IL-12p40 production. The treatment with LPS and IFN-␥ induced IL-12p40 but not IL-12p70 in J774.1 macrophages. This suggests that the sensitivity of J774.1 macrophages to LPS and IFN-␥ is different from that of mouse peritoneal macrophages. When using the J774.1 macrophages, 200 pg/ml of IL-12p40 was reduced by the treatment with 1 g/ml of L4. When using mouse peritoneal macrophages, 1 g/ml of L4 reduced 20 -50 pg/ml of IL-12p70. These events indicate that the treatment with L4 significantly suppressed the IL-12p40 production even in the J774.1 macrophages.
As indicated under "Experimental Procedures," endotoxin in the L4 fraction is negligible. Moreover, we performed a standard toxicity test of L4. L4 (500 mg/kg) was intravenously injected into rats once a day for 2 weeks (data not shown). We examined the lymph nodes, spleen, thymus, heart, liver, kidney, stomach, intestine, and brain for pathology. In addition, we performed hematological and blood biochemical examinations. No changes were observed in any of these tissues in the L4-treated rats. Furthermore, TUNEL and MTT assays showed that neither cell death nor reduction of viability in macrophages is induced by the treatment with L4. These events strongly indicate that L4 did not contain a nonspecific toxic compound.
IL-12 was detected in lymph nodes, spleen, liver, kidneys, and other organs of MRL-lpr/lpr mice (data not shown). We previously showed that IL-12 enhances lymphoaccumulation by suppressing cell death of double negative T cells in MRLlpr/lpr mice (22) . In that study we found the following. 1) Ordinary cell cultures induced cell death of double negative T cells from lymph nodes, indicating the presence of humoral factors in vivo that suppress cell death of the double negative T cells.
2) The cell death was suppressed by treatment with IL-12p70 or IL-12p40. 3) Plasma IL-12p40 concentrations as well as the weights of lymph nodes increased with age. 4) Treatment of MRL-lpr/lpr mice with an antibody neutralizing IL-12 diminished lymphoaccumulation. 5) Treatment of MRLlpr/lpr mice with either IL-12p70-or IL-12p40-encoding plasmids enhanced lymphoaccumulation (22) . These results suggest that the humoral factors in vivo that suppress cell death of the double negative T cells in MRL-lpr/lpr mice are IL-12p70 or IL-12 p40. Kikawada et al. (31) showed that IL-12 deficiency in MRL-lpr/lpr mice diminishes lymphoaccumulation. Moreover, it is reported that IL-12 provides proliferation and survival signals to murine CD4ϩ T cells (32) . These events strongly indicate that IL-12 enhances lymphoaccumulation by suppressing cell death of T cells in MRL-lpr/lpr mice. In the present study, treatment with L4 suppressed lymphoaccumulation as well as the increase in serum IL-12p40. The number of apoptotic lymphocytes was increased by treatment with L4. Electron microscopy confirmed the finding of hematoxylin and eosin staining that chromatin was condensed by the L4 treatment. The ultrastructure of the radial chromatin condensation in the lymph node lymphocytes of L4-treated mice differs from that of typical apoptosis induced by dexamethasone. However, it closely resembles that of the earliest stage of dexamethasoneinduced apoptosis in thymocytes prior to an effect of endonuclease in the presence of zinc (33) . Zinc arrests apoptotic ultrastructural changes and inhibits DNA laddering in dexamethasone-treated thymocytes (33) . Thus, whereas treatment with L4 induced the earliest stage of apoptosis in most of the T cells in the lymph nodes, TUNEL-positive cells were scattered in the lymph node tissues treated with L4. The morphological change without DNA fragmentation induced by L4 indicates an early stage of apoptosis prior to an effect of endonuclease. This stage was not found in dexamethasone-treated mice. These results suggest that the pathway of apoptosis induced by treatment with L4 is different from that induced by dexamethasone. Radioisotope-labeled L4 that was orally administered was detected in blood (data not shown). This suggests that the oral as well as intramuscular treatment with L4 was effective in reducing serum IL-12 levels and in suppression of lymph node and spleen enlargement.
The treatment with L4 suppressed serum creatinine concentration in MRL-lpr/lpr mice in the present study. It is reported that lupus nephritis is observed in MRL-lpr/lpr mice (11, 31) . Kikawada et al. (31) showed that IL-12 deficiency in MRL-lpr/ lpr mice delays nephritis. The creatinine concentration in serum was lower in the L4-treated than in negative control groups in the present study. L4 was administered in the MRLlpr/lpr mice during 20 -24 weeks of age. Kikawada showed that IL-12 deficiency in MRL-lpr/lpr mice delays nephritis, when they measured serum creatinine during 12-22 weeks of age. This indicates that serum creatinine concentration was suppressed by the L4 treatment in the present study and that the delay of nephritis is due to IL-12 reduction by the treatment with L4. Moreover, the treatment with L4 suppressed hypergammaglobulinemia as indicated by high levels of serum IgG and IgM. In vivo, IL-12 administration induces Th-1-associated patterns of antibody production (34) . Taken together, the treatment with L4 totally suppressed Th-1 type autoimmune disease, including production of IL-12, lymphoaccumulation, hypergammaglobulinemia, and glomerulonephritis in MRL-lpr/lpr mice.
To investigate the molecular mechanism of suppression of IL-12 production by L4, we examined the expression of several signal transduction molecules, namely PI3K, pPKC, and pMAPKs (pERK, pJNK, and pp38), in CD14-positive cells (macrophages) in lymph nodes from MRL-lpr/lpr mice. The number of PI3K-or pPKC-positive macrophages in lymph nodes from MRL-lpr/lpr mice was notably decreased by treatment with L4. However, L4 did not change expression of pERK, pJNK, and pp38 in macrophages. Western blotting showed that pPKC, but not PI3K expression, in J774.1 macrophages was suppressed by the L4 treatment. Inhibition of PKC activation using bisindolylmaleimide, a pantothenate-PKC inhibitor, was associated with a dose-dependent decrease of LPS-induced IL-12 production (35). CD40 ligand-induced IL-12 production in dendritic cells was mediated by PI3K pathways (36) . Fabio and Strominger (37) have shown that LY294002, an inhibitor of PI3K, blocked IL-12 production by human dendritic cells stimulated with LPS. PI3K expression in J774.1 macrophages was not changed by the L4 treatment, suggesting that the treatment with L4 indirectly reduces PI3K expression in macrophages in MRL-lpr/lpr mice or that the characteristics of J774.1 macrophages are different from those of MRL-lpr/lpr mice macrophages. Taken together, L4 likely suppresses IL-12 production at least by down-regulating pPKC signal pathways in MRL-lpr/lpr mice.
IL-12p70 consists of IL-12p40 and IL-12p35 (14) . Since IL12p40 as well as IL-12p70 suppresses cell death of T cells in MRL-lpr/lpr mice (22) , the increase in the apoptotic cells after treatment with L4 is due at least in part to the decrease in IL-12p40. Fig. 12 presents a model of L4-mediated apoptosis in T cells of MRL-lpr/lpr mice in which the production of IL-12 in macrophages is reduced via inhibition of pPKC and PI3K signals. Further studies are required to elucidate the precise mechanism of the suppressive effect of the KS disaccharides, L4, on IL-12 production.
Relevant to the current study, Bacillus infection of the cornea produces keratanases, a mechanism to protect against host defenses. Furthermore, IL-12 and IFN-␥ play important roles against Bacillus infection (38) . Since KS is a component of the extracellular matrix, in particular of cornea (1-3) , Bacillus may produce a keratanase thereby producing L4 and reducing IL-12 production in infiltrating macrophages responding to the infection. On the other hand, L4 may be useful for the treatment of Th-1 type autoimmune disease in which IL-12 production is augmented.
Since we have shown previously (39) that tetrasaccharides of HA, but not high molecular weight HA, up-regulate heat shock protein 72 expression in K562 cells after hyperthermia treatment, we postulate that glycosaminoglycans, i.e. giant molecules in the extracellular matrix, obtain novel activities after depolymerization. 
